Introduction
Anorexia nervosa is a severe psychiatric disorder that predominantly affects young women. 1 Although the diagnosis is defined by restricted eating and disturbed body perception, 2 converging research links anorexia nervosa to a wide range of poorly understood behavioural alterations. 3 Specifically, behavioural risk factors typically associated with autismspectrum disorder (ASD) are consistently found in patients with anorexia nervosa. 4 For instance, affected women typically exhibit perfectionism, particularly regarding symmetry and exactness, 5 obsessive-compulsiveness, low cooperativeness, low novelty-seeking, impaired social cognition 6, 7 and set-shifting difficulties. 8 Moreover, a large number of studies have found persistently elevated levels of autistic traits in patients with anorexia nervosa, 4, 7, [9] [10] [11] [12] [13] and autistic traits and eating disorder behaviours are correlated in typically developing children. 14 In fact, a relatively high proportion of women with anorexia nervosa also meet the criteria for ASD, 11, 15 and the prevalence of ASD is higher in populations affected by eating disorders. 16 Despite the large and growing body of research showing behavioural and cognitive ASD-like traits in women with anorexia nervosa, the neural correlates of elevated autistic traits in women with anorexia nervosa are poorly understood. However, recent research links anorexia nervosa to specific alterations in social cognition typically associated with ASD, such as impaired understanding of other people's mental states, or theory of mind (ToM). [17] [18] [19] [20] [21] Although only a handful of studies have examined the neural basis of altered sociocognitive function in patients with anorexia nervosa, [22] [23] [24] [25] studies specifically targeting ToM processes have identified reduced activity in brain circuits associated with social cognition, 26 including the superior temporal cortex 25 and temporoparietal junction (TPJ). 22, 23 Consistently, a relatively large number of studies have identified grey matter reductions of J Psychiatry Neurosci the temporal lobe in patients with anorexia nervosa. [27] [28] [29] These findings echo findings of temporal cortex alterations in patients with ASD, 30 including alterations of the superior temporal sulcus (STS) and the TPJ. [31] [32] [33] In the present study, we sought to determine whether elevated autistic traits in women with anorexia nervosa may be reflected in morphometric brain alterations. Specifically, we examined focal alterations in cortical grey matter volume through voxel-based morphometry (VBM) analyses of structural brain scans. As deficit ToM is a classical symptom of ASD 30 and because brain regions linked to ToM are altered in patients with anorexia nervosa [22] [23] [24] [25] and those with ASD, [31] [32] [33] we hypothesized that autistic traits in women with anorexia nervosa would correlate with grey matter volume of regions associated with ToM.
Methods

Participants
Patients with anorexia nervosa aged 16-25 years were recruited consecutively from the in-and outpatient specialist Anorexia-Bulimia unit at the Queen Silvia Children's University Hospital in Gothenburg, Sweden. At first assessment by a psychiatrist, all patients received a diagnosis of anorexia nervosa according to DSM-IV. Patients with any neurologic disorder were excluded. All healthy participants were asked to report neurologic disorders, ongoing diseases and medications using a written questionnaire, and ongoing eating disorders were assessed using the Structured Clinical Interview (SCID-I) for DSM-IV. Inclusion criteria for matched control participants were no ongoing eating disorders, no neurologic disorders, no ongoing diseases and no medication. Depressive symptoms were assessed in all patients using the Beck Depression Inventory (BDI). The Regional Ethical Review Board at the University of Gothenburg approved the study (registration number [7] [8] [9] [10] [11] [12] [13] [14] , and all participants gave written informed consent.
Assessment of autistic traits
We assessed the level of autistic traits in all participants by administering the Autism-spectrum Quotient (AQ) questionnaire. 34 
Magnetic resonance imaging
Structural brain scans were collected using a Philips Gyroscan 3 T Achieva scanner, software release 3.2. The scanner's 2-channel parallel transmit was used for improved signal homogeneity over the field of view, and the participant's head was firmly supported with cushions in the head coil (32-channel SENSE, Philips ; segmentation into grey matter, white matter and cerebrospinal fluid; and modulation by the nonlinear component only for volume changes during spatial normalization to identify regional differences in grey matter volume corrected for individual brain size. The spatially normalized and modulated grey matter partitions were smoothed with an isotropic 8 mm full-width at half-maximum (FWHM) Gaussian kernel. Finally, we computed an average of all participants' normalized structural scans for visualization of the results.
Theory of mind region of interest analyses
To specifically test the hypothesis that autistic traits in women with anorexia nervosa correlate with grey matter volume of regions associated with ToM, we defined a set of independent ToM regions of interest (ROIs). Here, we used Neurosynth software (neurosynth.org) to conduct a reverse inference meta-analysis of previously published studies with the predefined search term "theory mind." This process identified all studies indexed by the software that mentioned the search term "theory mind" at least once in the abstract, as per the default procedure. All voxels of the reverse inference map passing the default threshold of a false-discovery rate (FDR) of 0.01 were included in the set of ROIs.
Group difference analyses
We conducted a voxel-wise general linear model (GLM) analy sis to identify brain regions exhibiting group differences between women with anorexia nervosa and healthy control participants. Because brain regions linked to social cognition, including temporal cortex areas such as the TPJ, mature during adolescence, 35 we included age as a covariate. The results were assessed using nonparametric permutation testing clusterwise inference as implemented in the Statistical NonParametric Mapping toolbox (http://warwick.ac.uk/snpm), with a cluster-forming threshold of 0.005 and a family-wise error (FWE) of 0.05. Given our a priori hypothesis, we assessed the results within the predefined ROIs.
Correlation analyses
To assess associations between autistic traits and grey matter volume in women with anorexia nervosa, we extracted individual average grey matter volumes from areas exhibiting significant group differences using the MarsBaR toolbox (http://marsbar.sourceforge.net/) and computed the Pearson linear correlation coefficient between grey matter volumes and AQ scores while controlling for age.
Control analyses
We conducted a number of control analyses to examine whether any observed effects may have been due to general grey matter loss in women with anorexia nervosa rather than to social cognition processes. First, we examined total grey matter across the entire brain volume and assessed group differences as well as associations with AQ. Second, we replicated the analyses described previously within regions reliably associated with grey matter loss in patients with anorexia nervosa, as reported in a recent metaanalysis: 29 namely, the hypothalamus, the left inferior parietal lobule, the right putamen and the right caudate. These regions were anatomically identified using the Automated Anatomic Labelling (AAL) system in the WFU pickatlas (www.nitrc.org/projects/wfu_pickatlas/). Since the hypothalamus is not defined in AAL, we constructed an ROI as a 10 mm sphere centred on the coordinates reported in the meta-analysis, 29 converted from Talairach to MNI space using GingerAle (www.brainmap.org/ale/; resulting MNI coordinates: x, y, z = -1, -3, -16).
Whole brain analyses
We conducted 2 exploratory whole brain analyses. First, we searched for group differences between women with anorexia nervosa and healthy control participants. Second, we examined correlations between grey matter volume and AQ scores only in women with anorexia nervosa. Again, the analysis included age as a covariate and the results were assessed on the basis of nonparametric cluster-wise inference, with a clusterforming threshold of 0.005 and cluster-based correction for multiple comparisons such that p FWE < 0.05. In addition, we reported any results passing the cluster-forming threshold of p < 0.005 located near any of the ToM or control ROIs.
Results
Demographic characteristics
A total of 37 patients were asked to participate, and 25 patients accepted. Thus, the final sample consisted of 50 female participants aged 16-25 years: 25 with anorexia nervosa and 25 healthy controls (Table 1 ). All patients with anorexia nervosa had a body mass index (BMI) of 17.5 kg/m 2 or lower, as measured at the unit. All patients with anorexia nervosa were medically stable at the time of scanning, and 1 patient was admitted to a psychiatric ward. Twelve patients were not medicated, and the rest used the following psychoactive medications: fluoxetine (n = 6), sertraline (n = 4), olanzapine (n = 2), quetiapine (n = 1), venflaxine (n = 1), propiomazine (n = 4), lamotrigine (n = 1) and lisdexametafine (n = 1). Four patients had the binge-eating/purging type of anorexia nervosa and the rest had the restrictive type. Patients had significantly lower BMI and higher depression scores than control participants. No participant reported substance abuse, and no healthy participant reported any neurologic disorder, ongoing disease (including eating disorder) or medication use.
Assessment of autistic traits
Women with anorexia nervosa had significantly higher levels of autistic traits than control participants (AQ score group mean 16.60 ± 6.73 v. 11.64 ± 6.82, p = 0.010). There was a strong positive association between AQ and BDI scores in women with anorexia nervosa (r = 0.53, p = 0.006), but not in control participants (r = 0.24, p = 0.24). The AQ score did not correlate with BMI in patients (r = 0.24, p = 0.25) or control participants (r = -0.01, p = 0.95), and there was no association between AQ and duration of illness in patients (r = -0.09, p = 0.67).
Theory of mind region of interest definition
The Neurosynth search yielded 140 studies (Appendix 1, Table S1 , available at jpn.ca/170072-a1). The resulting reverse inference meta-analysis map revealed a set of ROIs consistently associated with ToM processes (p FDR < 0.01), including the bilateral superior temporal cortex extending into the TPJ, and medial frontal areas (Appendix 1, Fig. S1 and Table S2 ).
Theory of mind region of interest analyses
The ToM ROI analysis revealed 2 regions with significantly reduced grey matter volume in women with anorexia nervosa relative to control participants (p < 0.005, k ≥ 293): the left (MNI coordinates: x, y, z = -60.00, -55.50, 12.00; t = 3.66, 706 voxels) and right STS (MNI coordinates: x, y, z = 46.50, -43.50, 19.50; t = 3.99, 503 voxels), extending into the TPJ (Fig. 1A) . No region exhibited increased grey matter volume in patients relative to control participants.
We found a negative association between AQ score and average grey matter volume extracted from the left (r = -0.41, p = 0.045), but not the right (r = -0.03, p = 0.90), STS region in women with anorexia nervosa (Fig. 1B) . Post hoc analyses showed that grey matter volumes did not correlate with BMI (all p > 0.25); however, when controlling for BMI, the strength of the association between AQ score and left STS grey matter was reduced (r = -0.38, p = 0.08) whereas the right hemisphere correlation was marginally strengthened (r = -0.07, p = 0.76) 
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Whole brain analyses
The group difference analysis did not reveal any additional significantly altered regions on the whole brain level (p < 0.005, k ≥ 2464; Fig. 2 ). The whole brain search for correlations with AQ score did not yield any significant results at the predetermined statistical threshold (p < 0.005, k ≥ 2484). However, we found 2 clusters of voxels located near the predetermined ROIs that passed the uncorrected threshold of p < 0.005 in the left and right TPJ (left: x, y, z = -45.00, -63.00, 30.00; peak uncorrected p = 0.003, t = -3.03, 6 voxels; right: x, y, z = 45.00, -54.00, 28.50; peak uncorrected p = 0.003, t = -3.05, 7 voxels; Fig. 3 ).
Control analyses
The control analysis showed that total grey matter volume did not differ significantly between women with anorexia nervosa and control participants (p = 0.38) and did not correlate with AQ score in women with anorexia nervosa (p = 0.48).
Also, the control analyses revealed significantly reduced grey matter of the right putamen (p < 0.005, k ≥ 46; x, y, z = 33.00, 3.00, 1.50; t = 3.21, 240 voxels) and the hypothalamus (p < 0.005, k ≥ 27; x, y, z = -3.00, 3.00, -9.00; t = 3.38, 82 voxels). In the left inferior parietal lobule, 2 clusters passed the cluster-forming threshold of p < 0.005, but these were too small to pass the cluster threshold of k ≥ 145 (x, y, z = -25.5, -66, 42; t = 3.08, 29 voxels, and x, y, z = -37.5, -63, 51; t = 3.45, 88 voxels). In the caudate, 2 clusters passed the clusterforming threshold, but none were near the cluster threshold of k ≥ 44 voxels (x, y, z = 4.5, 6, -6; t = 2.84, 2 voxels, and x, y, z = 6, 21, -1.5; t = 2.72, 2 voxels).
Average grey matter extracted from these clusters did not correlate with AQ score in patients with anorexia nervosa (putamen: r = 0.26, p = 0.23; hypothalamus: r = 0.01, p = 0.98; inferior parietal cortex: r = -0.03, p = 0.88; caudate: r = -0.03, p = 0.90), and the whole brain voxel-wise search for correlations with AQ score did not identify any voxels that passed the uncorrected threshold of p < 0.005 within or near any of these ROIs (p < 0.005, k ≥ 2484).
Discussion
We searched for neuromorphometric correlates of autistic traits in women with anorexia nervosa and hypothesized that these would be found in brain regions associated with social cognition and ToM. The results confirmed our hypothesis: grey matter volume of the STS was reduced bilaterally in women with anorexia nervosa, and average left STS grey matter showed a weak but significant negative correlation with AQ scores. In addition, we found a trend toward a correlation between TPJ grey matter volume and autistic traits bilaterally. The finding that patients with anorexia nervosa exhibited significantly higher levels of autistic traits than control partici pants adds to the growing body of studies observing behavioural overlaps between anorexia nervosa and ASD. 4, 7, 10, [13] [14] [15] Our results are also consistent with the extensive literature on structural brain alterations in anorexia nervosa. 27, 29, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Specifically, previous structural brain studies found grey matter reductions of the temporal lobe in patients with J Psychiatry Neurosci anorexia nervosa, 27, 28 and a recent activation likelihood estimation (ALE) meta-analysis showed that the temporal lobe consistently exhibits reduced regional grey matter in patients with anorexia nervosa. 29 Our results are further supported by functional MRI studies that found reduced activations of brain regions linked to social cognition, including the superior temporal cortex 25 and TPJ, 22, 23 in patients with anorexia nervosa. Additionally, increased functional connectivity in the left angular gyrus, located near the TPJ, has been noted in patients with ongoing anorexia nervosa. 46 Finally, the control analyses showed that the women with anorexia nervosa had significantly reduced grey matter of the putamen and the hypothalamus, replicating findings of robust grey matter alterations in patients with anorexia nervosa. 29 Morphological brain alterations are largely ubiquitous in patients with anorexia nervosa, 4, 7, 10, [13] [14] [15] leaving the possibility that the observed association between autistic traits and grey matter volume may be a generalized effect of grey matter loss due to the illness. However, the whole brain search for associations with AQ scores did not reveal any additional areas showing a similar effect, and grey matter volume in regions known to be affected in patients with anorexia nervosa did not correlate with AQ score. Moreover, AQ score was not associated with whole brain grey matter volume. Taken together, these control analyses therefore suggest that the identified association between autistic traits and grey matter volume of social cognition areas does not reflect general loss of grey matter in women with anorexia nervosa. Instead, the results suggest that autistic traits may be specifically linked to temporal lobe grey matter morphology.
Although the literature on grey matter alterations in patients with ASD is highly inconsistent, [47] [48] [49] superior temporal grey matter decreases have been observed in highfunctioning individuals with ASD. 50 This suggests the possibility that elevated autistic traits in patients with anorexia nervosa may share similarities with high-functioning patients with ASD. However, the majority of ASD studies have been conducted mainly with male participants, and recent findings highlight puzzling sex differences in brain structure and function in patients with ASD. Specifically, STS responses to social cues are altered in male but not in female patients with ASD, 51 and bilateral superior temporal cortex volume is greater in female than in male patients with ASD and in typically developing participants. 52 Notably, healthy girls exhibit a higher rate of cortical thinning of social brain regions during adolescence than boys, including thinning of the right temporal cortex and the left TPJ. 35 Our findings raise the possibility that adolescent onset of anorexia nervosa may be linked to such cortical developments. However, further studies directly comparing boys and girls with anorexia nervosa are required to characterize shared and distinct alterations; this is a particularly difficult challenge given the low prevalence of anorexia nervosa in boys.
We found correlations with AQ score primarily in the left hemisphere. Alterations in social perception processes, including processing of stimuli such as biological motion, are primarily associated with right hemisphere STS alterations in patients with ASD. 51, 53 Indeed, the results from the metaanalysis revealed largely symmetric bilateral regions, but with a larger right (3540 voxels) than left (2530 voxels) STS area. However, the lateralization of ToM processing is mixed. For instance, a study of adults with brain damage suggests that the left TPJ is critical for functional ToM processes. 54 Also, cortical TPJ thinning during adolescence is localized to the left hemisphere. 35 Nevertheless, we observed bilateral STS grey matter reductions in women with anorexia nervosa and found trends toward associations between TPJ grey matter volume and autistic traits bilaterally. Any lateralization should therefore be interpreted with caution, and further studies in larger samples are required to confirm such effects.
Corroborating studies showing a link between autistic traits and depression, 12 the AQ measure was strongly associated with BDI scores in patients with anorexia nervosa. This finding highlights the question of whether depression may influence autistic traits or vice versa 12 and emphasizes the need for future research into the nature of the association between the 2 measurements. The finding also raises the possibility that depression could contribute to the observed morphological alterations. Indeed, subclinical depression is associated with altered grey matter volume of the temporal cortex; 55 however, the opposite pattern of increased grey matter with higher depression scores was found, speaking against a confounding effect of depression on the results of the present study.
Limitations
A limitation of this work is that we did not control for cognitive ability in women with anorexia nervosa; however, cognitive ability is not generally affected in patients with this disorder 56 and is unlikely to have had any substantial impact on the results. An additional limitation is that we examined only patients with ongoing anorexia nervosa; hence, low body weight and associated factors may have contributed to the observed grey matter alterations. Indeed, we found that controlling for BMI reduced the association between grey matter in the left STS and AQ scores, suggesting that body weight may play a role. Also, the broad structural grey matter abnormalities found in patients with acute anorexia nervosa generally normalizes as patients recover. 57 However, 2 studies reported remaining grey matter reductions of the left angular gyrus, part of the TPJ, after weight recovery, 58, 59 raising the possibility that the observed alterations may be persistent. Further studies in weight-recovered women are required to establish whether this is the case. As socioemotional impairments may be perpetuated by the illness -for instance, chronic anorexia nervosa can lead to ASD-like symptoms 60, 61 -such studies are particularly important.
Conclusion
With its limitations in mind, this study shows that elevated autistic traits in women with anorexia nervosa are associated with morphometric alterations of brain areas linked to social cognition. This finding provides neurobiological support for the behavioural link between anorexia nervosa and ASD 4, 7, [9] [10] [11] [12] [13] and raises the possibility that neurobiological risk factors linked to autistic traits may contribute to anorexia nervosa in adolescent girls. Critically, further research is required to disentangle predisposing and perpetuating features of any such effect. Finally, our results have important clinical implications: the observation that elevated autistic traits may be rooted in structural brain alterations similar to those observed in patients with ASD supports the notion that patients with anorexia nervosa may benefit from treatment schemes explicitly acknowledging ASD-like difficulties. For instance, treatment approaches used in patients with ASD, such as highly structured and concrete pedagogic methods or experimental pharmacological procedures such as oxytocin administration, 62 may accelerate recovery in patients with anorexia nervosa who exhibit high levels of autistic traits.
